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Abstract 

Background: Investigations on adverse biological effects of nanoparticles (NPs) in the lung by in vitro studies are usually 
performed under submerged conditions where NPs are suspended in cell culture media. However, the behaviour of nanoparticles 
such as agglomeration and sedimentation in such complex suspensions is difficult to control and hence the deposited cellular dose 
often remains unknown. Moreover, the cellular responses to NPs under submerged culture conditions might differ from those 
observed at physiological settings at the air-liquid interface. 

Results: In order to avoid problems because of an altered behaviour of the nanoparticles in cell culture medium and to mimic a 
more realistic situation relevant for inhalation, human A549 lung epithelial cells were exposed to aerosols at the air-liquid inter- 
phase (ALI) by using the ALI deposition apparatus (ALIDA). The application of an electrostatic field allowed for particle deposi- 
tion efficiencies that were higher by a factor of more than 20 compared to the unmodified VITROCELL deposition system. We 
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Studied two different amorphous silica nanoparticles (particles produced by flame synthesis and particles produced in suspension by 
the Stober method). Aerosols with well-defined particle sizes and concentrations were generated by using a commercial electro- 
spray generator or an atomizer. Only the electrospray method allowed for the generation of an aerosol containing monodisperse 
NPs. However, the deposited mass and surface dose of the particles was too low to induce cellular responses. Therefore, we gener- 
ated the aerosol with an atomizer which supplied agglomerates and thus allowed a particle deposition with a three orders of magni- 
tude higher mass and of surface doses on lung cells that induced significant biological effects. The deposited dose was estimated 
and independently validated by measurements using either transmission electron microscopy or, in case of labelled NPs, by fluores- 
cence analyses. Surprisingly, cells exposed at the ALI were less sensitive to silica NPs as evidenced by reduced cytotoxicity and 
inflammatory responses. 

Conclusion: Amorphous silica NPs induced qualitatively similar cellular responses under submerged conditions and at the ALI. 
However, submerged exposure to NPs triggers stronger effects at much lower cellular doses. Hence, more studies are warranted to 
decipher whether cells at the ALI are in general less vulnerable to NPs or specific NPs show different activities dependent on the 
exposure method. 



Introduction 

Amorphous Si02 nanoparticles (NPs) are regarded as only little 
pathogenic. However, it has been shown that the inhalation of 
silica NPs induces transient inflammation in rats [1,2]. Mean- 
while there are numerous reports which also demonstrate 
adverse effects of amorphous silica NPs in vitro, e.g., in 
macrophages [3-5], in lung epithelial cells [5-8] and in 
co-cultures of both cell types [9]. However, in vitro exposure of 
lung cells under submerged conditions does not reflect the 
physiological situation in the lung where cells are directly 
exposed to an aerosol. Especially our findings of a strong 
inhibitory effect of serum proteins on NP toxicity show how the 
standard cell culture model generates artefacts and might lead to 
wrong conclusions [5]. Additionally, particle collection and 
resuspension in medium may change their physico-chemical 
properties and the particle dose delivered to the cells under 
submerged conditions is often unclear due to differences in 
agglomeration and sedimentation of suspended NPs. In vitro 
experiments at the air-liquid interface (ALI) are therefore of 
utmost relevance. 

Although exposure of cells at the air-liquid interface (ALI) 
represents a more realistic exposure scenario compared to 
submerged exposure only few research papers are found in the 
literature, in particular for silica NPs [10]. This is due to the 
need for more sophisticated laboratory equipment, technical 
know-how and, additionally, for the generation of a nanomate- 
rial aerosol in a reproducible manner. A recent review prepared 
by toxicologists and aerosol scientists states the urgent need for 
further developments of in vitro cell exposure studies including 
those at the air-liquid interface [11]. Advantages of ALI expo- 
sures are (a) the modification of particles by filter collection and 
resuspension in medium are avoided, (b) the nanoparticle dose 
interacting with the cells can be controlled more precisely and 
(c) the exposure of lung cells at ALI resembles an in vivo 



inhalation more closely. Several exposure systems for the 
controlled exposure of cells to particles at the ALI have recently 
been developed. Most ALI systems described in the literature 
rely on the deposition of nanoparticles by diffusion mecha- 
nisms [12-17]. 

Due to the small size of the nanoparticles the mass and surface 
doses that can be applied on the cell surface through ALI expo- 
sures are very low compared to the typical "lowest observed 
adverse effect levels" (LOAEL) derived fi-om submerged exper- 
iments [18]. One approach to increase the applied dose is the 
use of nanoparticle agglomerates. However, especially in the 
size regime between 100 nm and 500 nm deposition efficien- 
cies of ALI exposure chambers based on diffusion or gravita- 
tional settling are usually very low [19]. One approach to 
increase the deposition rates is the use of an electrostatic field 
[20-23]. This enables deposition efficiencies of up to 100% for 
charged particles [11]. de Bruijne et al. [21] used a corona 
charger for efficient charging of aerosol particles and did not 
observe adverse effects on A549 cells by the trace gases formed 
in the corona. However, for particle sizes below 50 nm, the 
probability to be charged becomes low [24] and hence the depo- 
sition efficiency of such systems decreases. 

In this study we used a well-characterised commercially avail- 
able exposure chamber system (VITROCELL® SYSTEMS) 
that we equipped with electrodes to enhance deposition by 
applying an electrostatic field (referred to in the following as 
ALI deposition apparatus, ALIDA) [18]. Aerosols with well- 
defined particle sizes and concentrations were generated by 
using commercial electrospray generators or atomizers. The 
deposited dose was determined by using transmission electron 
microscopy (TEM) and in case of labelled NPs by fluorescence 
analyses. Industrial Si02 NPs (Aerosil®200, Evonik) produced 
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by flame synthesis and Si02 NPs produced by the Stober 
method (Postnova Analytics, Landsberg) were used to test the 
biological responses in A549 cells with and without an electro- 
static field at the ALI and under submerged conditions. 

Results and Discussion 
Aerosols 

The aerosols were generated by two different methods: an 
atomizer and electrospray. By using the electrospray method it 
was possible to generate an aerosol containing monomers and 
small agglomerates of SiO2-50 nm NPs with a high number 
concentration and a narrow size distribution (Figure lA). This 
method was however not applicable for the dispersion of 
Aerosil200 suspensions which contain aggregates that were too 
large for a stable operation of the electrospray in the cone jet 
mode. Therefore, an atomizer was used that delivered a rela- 
tively large and broad droplet size distribution [25] and, with 
Aerosil200, an aerosol with constant but broad size distribution 
(Figure IC). Furthermore, dispersion of SiO2-50 nm NPs with 
the atomizer allowed for the generation of large agglomerates 
(Figure IB) which resulted in high mass and surface doses. 

Particle deposition 

The aerosol was directed into the ALI deposition apparatus 
(ALIDA) as described in section Experimental and the particles 
were deposited on Transwell membranes covered with test cells 
without or with applying an electrostatic field (Figure 2). 




Figure 2: Schematic view of the Vitrocell® exposure chamber modi- 
fied with an electrode for electrostatic particle deposition. 

In order to increase the deposition efficiency the exposure 
chambers were modified with an electrode similar to the setup 
presented by Savi et al. [20]. In contrast to Savi et al. who used 
an alternating electrical field, during the exposure experiments a 
constant voltage of 1 kV was used in this study. Furthermore, 
no insulation between electrode and cell medium was installed, 
so that the cells themselves can be considered as an equipoten- 
tial surface and electrode, respectively. This makes a close dis- 
tance between electrode and cells unnecessary and allows for 
the use of larger medium volumes. As counter electrode a fine 
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Figure 1 : Temporal evolution of Si02 particle size distributions generated for cell exposure. (A) From an aqueous solution of SiO2-50 nm monomers 
(Stober synthesis, Postnova) high number concentrations of airborne SiO2-50 nm monomers with a narrow size distribution were generated by elec- 
trospray. The atomizer, however, generated from the same nanoparticle suspension large agglomerates (B) allowing for the deposition of high mass 
doses. Large agglomerates with a broad size distribution were also generated by atomizing Aerosil200 (C). Initial size distributions are given on the 
left hand side of each time chart. 
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conducting mesh was placed 2 mm above the cell surface at the 
end of the aerosol inlet. 

The electrical field was almost homogeneous with an axial 
strength of 500 V-mm~^. A computer simulation revealed that 
only at the outer border of the Transwell membranes (more than 
10 mm distance from the center of the membrane) a significant 
inhomogeneity of the field is expected due to increasing radial 
components in the electrical field strength (Figure 3). These 
radial components however, cause a force in radial direction 
and hence provide a more homogeneous particle deposition on 
the cell surface than a purely homogeneous field profile. 

For determination of the cellular dose cell-free Transwell 
membranes carrying one or more grids for transmission elec- 
tron microscopy (TEM) were exposed to the aerosol under the 
same conditions as the cells and analysed for particle loading. 

Deposition of SiO2-50 nm NPs 

The SiO2-50 imi particles were produced by the Stober method 
and provided by the manufacturer as an aqueous suspension 

containing monomeric particles. For preparing an aerosol the 
suspension was diluted with water by factors of 3.6 and 7.7 for 
electrospray and the atomizer, respectively. The electrospray 
generated aerosol particles with a mean mobility size of 
(53 ± 1) nm (o = 1.2) and a typical number concentration of 
(1.3 ± 0.2) X 10^ cm~^. The uncertainties stated are, if not 
defined otherwise, standard deviations of all experiments done 
and the parameter a characterises the standard deviation of a 
log-normal size distribution. After the exposure of empty 




Radius [mm] 

Figure 3: Electrostatic potential wittiin tlie exposure chambers. 
Assuming a flat equipotential surface the electrostatic potential was 
1 kV at the cell level. The dashed lines indicate the borders of the 
Transwell membrane. The field profile was simulated with Simlon (SIS, 
v8). Isolating parts of the Transwell insert and chamber were 
neglected. 



Transwell membranes loaded with TEM grids to SiO2-50 nm 
monomers generated by electrospray and deposited with the 
electrostatic field a total number dose of (6 ± 2) x 10^ cm~^ was 
determined by analysis of the TEM pictures (Table 1). Further- 
more, a mean projection equivalent diameter of the particles of 
(54 ± 3) nm (a = 1.1) was measured on the TEM grids in very 
good agreement with the diameter of the airborne particles. 
Since the particles were not homogeneously distributed over the 
entire Transwell membrane (Figure 4) the total number dose 
corresponds to a mean particle number dose. Compared to the 
total applied particle number this dose is equivalent to a deposi- 



Tabie 1 : Characteristics of the particies, the aerosol generation and deposition with electrostatic field. 

Aerosil200 atomizer SiO2-50 nm atomizer 


SiO2-50 nm 
electrospray 


primary particle size (TEIVI) 


(7-100) nm^' 


(54 ± 3) nm'' 


(54 ± 3) nm'' 


specific surface area 


200 m2 g-i ^ 


60 m2 g-i d 


60 m2 g-i d 


aerosol generation 








concentration of the suspension used for aerosol 


1 mgmL"'' 


3.25 mg mL"^ 


7 mg mL"'' 


generation 








mean (agglomerate) mobility diameter in air 


(279± 10)nm 


(230 ±10) nm 


(53 ± 1 )nm 


(SMPS) 








agglomerate fraction® 


100% 


92% 


7% 


particle deposition 








exposure duration 


5h 


7 h 


5h 


mass dose (TEM) 


(52 ± 26) |jg-cm"2 


(117 ± 46) |jg-cm"2 


(0.14 ± 0.05) jjg-cm"2 


surface dose (TEM) 


(104 ± 52) cm2-cm"2 


(70 ± 28) cm^ cm"^ 


(0.08 ± 0.03) cm2-cm"2 


number dose (TEM) 


(2.0 ± 0.8) X 10^ cm-2 


(1.4 ±0.3) X 10^ cm-2 


(6±2)x 10^ cm-2 


deposition efficiency 






(1 1 ± 3)% 


experiments per endpoint 


3 


2 


2 


^The manufacturer calculated a primary particle size of 1 2 nm from the BET surface. ""The manufacturer states a size of 70 nm analysed by DLS. 
'^Given by the manufacturer. ''Value was estimated from the primary particle size. ^Obtained by analysis of size distributions and TEM pictures [1 8]. 
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Figure 4: Deposition efficiency of Si02 monomers depending on particle size (left plot) witti electrostatic field (symbols) and without electrostatic field 
{Si02 particle characteristics and drawn line as in Comouth et al. [1 8] and deposition efficiency of SiO2-50 nm monomers in dependence of the pos- 
ition on the Transwell surface (plot on the right)). SiO2-50 nm monomers were dispersed by electrospray and deposited on a Transwell surface with 
electrostatic field. The deposited mass was calculated from particle loadings on TEM grids at three different radial positions on the Transwell surface 
from the center to the edge. The dashed line indicates the averaged deposition efficiency. The results indicate a moderate but significant linear 
decrease of the particle loading between the center and the edge of the Transwell membranes. 



tion efficiency of (11 ± 3)% which is 22-fold higher compared 
to 0.5% achieved with this exposure chamber without electro- 
static field for particles of this size [18]. However, due to the 
small monomer size the corresponding mass and surface dose 
after 5 h of exposure only amounts to (0.14 ± 0.05) |ig-cm~^ and 
(0.08 ± 0.03) cm^-cm"^, respectively (see Table 1). 

In contrast to the electrospray the atomizer delivered an 
agglomerate fraction of about 92% (data not shown) with a 
mean mobility diameter of (230 ± 10) nm (a = 1.8) (Figure 1) 
and typical number concentrations of (7 ± 1) x 10^ cm~^. 
Compared to the particles in the aerosol a shghtly larger mean 
projection equivalent diameter of (270 ± 30) nm (o = 1 .9) was 
observed to be deposited (Figure 5B) with a total number dose 
of (1.4 ± 0.3) X 10^ cm~^. Reasons for these different sizes are 
the size-dependent deposition efficiency and different equiva- 
lent diameters that were used for size classification with SMPS 
and TEM, respectively. The latter one, however, may be negli- 
gible due to the almost compact spherical structure of the 
agglomerates (Figure 5D). Small agglomerates showed struc- 
tures similar to the clusters described by Cho et al. [26] and 
Manoharan et al. [27]. More than 95% of the mass however 
were provided by agglomerates larger than 200 nm mobility 
equivalent diameter. Agglomerates of this size contain more 
than 40 monomers so that errors due to different effective densi- 
ties of small agglomerates and monomers are also assumed to 
be negligible. The mass dose resulting from analysis of the 
TEM micrographs as a function of the applied mass is shown in 
Figure 5A. Within the uncertainties TEM and fluorescence data 
are in very good agreement and can be described by a linear 
function of the applied particle mass. For the cell exposures a 
mean mass dose of (1 17 ± 46) |ig-cm~^ follows from this func- 



tion. This is within the dose range of classical nanotoxicology 
studies under submerged conditions and beyond the lowest 
observed adverse effect level (LOAEL) defined for, e.g., 
Aerosil200 in lung epithelial cells [5]. 

Deposition of Aerosil200 

Aerosil200 are industrial Si02 NPs produced by flame syn- 
thesis and provided as a powder. The manufacturer states a 
mean primary particle size of 12 nm. However, our analyses by 
TEM revealed monomeric particle sizes between 7 and 100 nm 
almost exclusively forming larger agglomerates. For preparing 
an aerosol the powder was suspended in water and ultrasoni- 
cated. The hydrodynamic diameter determined by DLS in water 
was (215 ± 25) nm as also reported previously [5]. The mean 
sizes of the aerosolized and deposited Aerosil200 agglomerates 
were (279 ±10) nm (a = 1.8) mean mobility equivalent and 
(491 ± 40) nm (o = 2.25) mean projected area equivalent diam- 
eter, respectively (Figure 6B), and hence even larger compared 
to the SiO2-50 nm particles (Table 1). Please note that the larger 
difference between the two given equivalent particle diameters 
is caused by the fluffy structure of the Aerosil200 agglomerates 
since the measured mobility equivalent diameter corresponds to 
the diameter of a hypothetical compact sphere with the same 
dynamic mobility as the agglomerates and the projected area 
equivalent diameter to that of a circle with the same area as the 
projected area of the agglomerates under the microscope [28]. 
Due to smaller deposited number concentrations of (2.0 ± 0.8) x 
10*^ cm~^, the corresponding mean mass dose determined from 
TEM micrographs and measured effective densities was only 
(52 ± 26) )ig-cm~^. The analysis of TEM pictures assuming 
compact agglomerates results in the upper limit of this mass 
dose (78 )ig-cm~^). However, the true deposited dose is presum- 
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Figure 5: Characteristics of deposited SiO2-50 nm agglomerates. Aerosols of fluorescently labeled SiO2-50 nm agglomerates were generated by an 
atomizer and deposited on Transwell membranes witin an applied electrostatic field. The deposited mass was either detected by measuring fluores- 
cence intensity or using TEM analysis of particle loaded grids. (A) shows the deposited mass as a function of the applied mass by the two detection 
methods. The size distribution of the corresponding particles on a TEM grid is shown in (B). (C) shows the particle loading on TEM grids after seven 
hours of exposure corresponding to a mass dose of (1 1 7 ± 46) pg cm"^ and (D) representative clusters at higher magnification indicating the spher- 
ical agglomerate shape. Please note that the applied mass in (A) is given in arbitrary units (third power of the mobility equivalent diameter) and neither 
the effective density nor the total particle size range was considered. Hence the slope of the linear fit is not equal to the mean mass deposition effi- 
ciency. 




Projection equivalent diameter [nm] 



Figure 6: Deposited mass (derived from the number of particles) of Aerosil200 agglomerates as a function of the applied mass (A), size distribution of 
the corresponding particles (B), as well as the particle loading on a TEM grid after five hours of exposure corresponding to a mass dose of 
(52 ± 26) tjg cm"^ (C), and a representative cluster indicating the agglomerate shape (D). Please note that the applied mass in (A) is given in arbi- 
trary units (third power of the mobility equivalent diameter) and neither the effective density nor the total particle size range was considered. Hence 
the slope of the linear fit is not equal to the mean mass deposition efficiency. 
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ably lower as the effective densities of larger agglomerates are 
decreased. Aerosol particle mass (APM) measurements deliv- 
ered effective densities of (0.81 ± 0.02), (0.53 ± 0.02) and 
(0.39 ± 0.01) g-cm~^ for particle mobility equivalent sizes of 
80 nm, 250 nm, and 800 nm, respectively, which is 34-68% 
less than estimated when considering the rather compact 
SiO2-50 nm agglomerates. This is in agreement with TEM 
micrographs that show a more complex cluster structure 
compared to SiO2-50 nm agglomerates that cannot be described 
by a packing of hard spheres (Figure 6D). We assume this struc- 
ture is caused by strongly bonded agglomerates and aggregates 
present in Aerosil200 after its synthesis in gas phase as reported 
by Seipenbusch et al. [29]. Such strong particle interactions 
prevent the monomers from restructuring within the atomized 
droplets. Hence Aerosil200 agglomerates are rather composed 
of irregular shaped aggregates [30] than of spherical monomers 
behaving like hard spheres. For this reason the actual effective 
density decreases with increasing agglomerate size (Figure SI, 
Supporting Information File 1). Therefore, the minimal dose of 
26 ng cm"^ was calculated considering only the lowest effec- 
tive density for the largest agglomerates, which, however, is 
obviously underestimating the final deposited mass. Hence, the 
actual dose will be within the calculated extremes and is given 
as (52 ± 26) ng-cm"^. 

Biological effects 

For the determination of biological effects the Transwell inserts 
covered with a confluent layer of A549 cells were exposed to 
filtered and unfiltered aerosol. Exposure to the unfiltered 
aerosol of Aerosil200 NP and SiO2-50 nm NP agglomerates led 



to deposited doses of 52 ng-cm~^ and of 1 17 ng-cm~^, respect- 
ively (see Table 1), which roughly leads to similar surface doses 
of about 104 cm^-cm~^ for Aerosil200 and 70 cm^-cm~^ for 
SiO2-50 nm NPs. 

For the comparison with submerged exposure to sihca NPs, the 
cells in Transwell inserts were treated with 50 j^g-mL"' NP 
suspensions in medium without FCS. The cellular dose was 
estimated according to the computational model of Hinderliter 
et al. [31]. The particle dose delivered to the cells is determined 
by diffusion and sedimentation processes, which are dependent 
on the particle sizes [31]. Aerosil200 NPs are detected as 
agglomerates in cell culture medium with an average hydrody- 
namic diameter of (220 ± 6) nm in the freshly prepared suspen- 
sion and remain stable up to 24 h (Table SI, Supporting Infor- 
mation File 1). In contrast, SiO2-50 nm NPs are mainly present 
as (72 ±19) nm NPs directly after dispersion but are also 
detected to a minor extent as larger agglomerates of about 2 \im 
after 24 h (Table SI, Supporting Information File 1). The final 
calculated deposited mass after 24 h is nearly identical for both 
Aerosil200 and SiO2-50 nm NP suspensions and amounts to 
7.0 ng-cm"-^ (Figure S2, Supporting Information File 1). 

Figure 7 shows that the electrical field and the exposure to 
filtered air had no effect on the release of lactate dehydroge- 
nase (LDH) into the medium. Enhanced levels of LDH indicate 
membrane damage, which leads to cell death. LDH values of 
the ALI-exposed control samples were similar to those detected 
under submerged conditions. In contrast, exposure to silica NPs 
induced strong LDH release under submerged exposure condi- 




Electrode - 
Dose l\}g cm-'] 



submerged 
15.6 



B) SiOj-SO nm 



+ 
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submerged 
15.6 



Figure 7: Effects of ALI and submerged exposure to (Aerosil200) and SiO2-50 nm agglomerate NPs (B) on the integrity of the membrane of A549 
celis determined by LDH release. A549 ceils were exposed to filtered air or to aerosols containing Aerosii200 NPs (A) or SiO2-50 nm NPs (B) under 
ALI conditions with application of an electrode (+). Controls were exposed to fiitered air with or without eiectrode (-). The mass doses after ALI expo- 
sure were 52 pg cm"^ for Aerosil200 NPs after 5 h and 117 pg cm"^ for SiO2-50 nm NPs after 7 h. Subsequently, celis were post-incubated in 
medium without FCS and supernatants were processed 24 h after the onset of exposure. For comparison, cells were treated for 24 h with an esti- 
mated maximal dose of 15.6 pg cm"^ (50 pg mL"'') applied as suspension in medium without FCS or with medium alone. Results are means ± s.e.m. 
of 4 to 6 samples originating from three (A) and two independent experiments (B). 
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tions. The LDH release after submerged exposure to 
15.6 ng-cm"2 ng mL"') Aerosil200 indicates 100% cell 
lysis as it was comparable to the LDH release from Triton 
X-lOO-treated cells, which were used as positive controls in 
some experiments (data not shown). However, cells exposed to 
NPs in the ALl system were less sensitive compared to 
submerged exposure. Under both conditions, SiO2-50 nm NPs 
were less effective in reducing the membrane integrity than 
Aerosil200 NPs. 

The medium was also analysed for the release of the pro- 
inflammatory cytokines lL-8 and lL-6. Figure 8 shows, that the 
electrical field and the exposure to clean air had no effect on 
IL-8 release. The results at the ALI were qualitatively compa- 
rable with those obtained under submerged conditions. Expo- 
sure to silica NPs induced a strong release of IL-8 under 
submerged exposure conditions. Cells exposed to NPs at the 
ALI, however, released much lower IL-8 levels. Again under 
both conditions, as also seen for the release of LDH above, 
SiO2-50 nm NPs were less effective than Aerosil200 NPs. IL-6 
release was not detected after ALI exposure to silica NPs and 
was only moderately enhanced after submerged exposure (data 
not shown). For comparison, a positive control for IL-6 and 
IL-8 release has been previously analysed under submerged 
conditions in medium without FCS [5]. Lipopolysaccharide 
(LPS, 10 )ig-mL~') induced the release of about 1000 pg-mL~' 
of IL-8 and 10 pg mL"^ of IL-6 after 24 h, respectively. 

To analyse the biological effects of NPs at earlier points in time, 
cells were lysed immediately after ALI or submerged exposure. 
Phosphorylation of the MAP kinase p38 and induction of the 
inflammatory protein COX-2 were determined by Western blot. 



Figure 9A and Figure 9C show that Aerosil200 NPs induced 
similar levels of p38 phosphorylation and COX-2 after 
submerged and ALI exposure although the deposited dose under 
submerged conditions was lower than at the ALI. Similar to the 
findings described above for the release of LDH and IL-8, 
induction of COX-2 by SiO2-50 nm NPs was also less 
pronounced when compared to Aerosil200 NPs (Figure 9B,D). 
However, the relative phosphorylation of p38 seems to be 
enhanced at the ALI when compared to Aerosil200 or to 
submerged exposure. As p38 phosphorylation was detected 
after 7 h of exposure whereas LDH and IL-8 release were moni- 
tored after 24 h, a more detailed kinetic analysis is needed to 
substantiate a possibly different regulation of this biomarker in 
response to SiO2-50 rmi NPs. 

Our studies on the biological effects of Aerosil200 under 
submerged conditions confirm results obtained previously [5]. 
Here we compare them directly with the effects of Stober- 
synthesized silica NPs SiO2-50 nm and additionally compare 
them to an ALI exposure method. The results after ALI expo- 
sure showed that both silica NPs qualitatively induced the same 
toxic and pro-inflammatory effects as after submerged expo- 
sure, however, quantitatively much less pronounced. During 
ALI exposure the particle dose was linearly apphed over a time 
period of 5 h (Aerosil200) and 7 h (SiO2-50 nm) and thereafter 
remained constant (Figure S2, Supporting Information File 1). 
For submerged conditions, particles continuously settle down 
onto the cells in dependence of the agglomeration state and the 
viscosity of the medium [31,32]. Therefore, the constant 
mechanical stress imposed by particle deposition might explain 
the increased sensitivity of cells under submerged culture condi- 
tions. Indeed, the importance of shear forces to exacerbate 
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Figure 8: Release of IL-8 from A549 cells after submerged and ALI exposure to Aerosil200 and SIO2-50 nm NP agglomerates. A549 cells were 
exposed to filtered air or to an aerosol containing Aerosil200 NPs (A) and SiO2-50 nm NPs (B) under ALI or submerged conditions as described in 
Figure 7 above. IL-8 concentrations in the medium are represented as means ± s.e.m. of 4 to 6 samples originating from ttiree (A) and two inde- 
pendent experiments (B). 
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Figure 9: Induction of COX-2 und pfiosphoryiation of p38 in A549 cells after Si02-NP treatment under submerged and ALI conditions. A549 cells 
were exposed to filtered air or to an aerosol containing Aerosil200 NPs (A) and SiO2-50 nm NPs (B) as described in Figure 7 above. COX-2 and 
pfiospho-p38 were detected in whole cell lysates by Western blots. PCNA (left panel), Lamin B (right panel) and total p38 were used as loading 
controls, as indicated. The results shown are representative for three (A) and two independent experiments (B). (C) and (D) show the quantification of 
the p-p38 and COX-2 bands normalized to the loading controls (total p38 and PCNA or Lamin B, respectively), which are compared to the ALI 
controls exposed to clean air without electrode (which are set to 1 ). 



NP-induced toxicity has been described previously [8,33]. 
Another explanation could also be the secretion of surfactant by 
A549 cells under ALI conditions [34] which may have a protec- 
tive effect due to binding of surfactant proteins to the particles 
[35]. 

Furthermore, Aerosil200 NPs induced similar but more intense 
cellular responses compared to SiO2-50 nm NPs. A possible 
reason could be the higher specific surface area of the 
Aerosil200 NPs with 200 m^-g~' compared to 60 m^-g~' of the 
SiO2-50 nm NPs. The dependence of biological effects on 
particle size and specific surface area is well known and has 
already been shown for many types of particles including amor- 
phous silica particles [36]. 

Conclusion 

In this study two silica NPs produced by different synthesis 
methods were intensively characterized with regard to their 
properties in aerosols, deposition from the aerosol onto cells 
and biological endpoints under ALI and submerged conditions. 
We could confirm our previous finding with Si02 NP suspen- 
sions from another manufacturer (Ludox AS40) that the genera- 



tion of an aerosol that contains monomeric silica particles is 
possible when using an electrospray generator [18]. Further- 
more, a VITROCELL® exposure module was modified and 
equipped with electrodes to allow electrostatic deposition 
enhancement by more than a factor of about 20. However, 
although the deposited particle mmiber for monomeric silica 
particles of 53 nm diameter was comparable to those of agglom- 
erated silica particles the mass and surface doses were too low 
to induce significant biological effects in lung cells. Therefore, 
an atomizer was used to generate aerosols with larger agglomer- 
ates allowing application of mass and surface doses that were 
up to three orders of magnitude higher. 

Both types of silica NPs induced cytotoxicity and inflammatory 
responses under conventional submerged conditions. At the 
same nominal applied dose Aerosil200 NPs were more toxic 
than 50 nm silica NPs produced by the Stober method. 
However, when considering the specific surface area both NPs 
show similar potencies. This supports previous findings that 
presumably the interaction of cells with the silica surface trig- 
gers adverse effects. Surprisingly, at the ALI the apparent toxi- 
city of both NPs was drastically reduced although the deposited 
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mass was higher by a factor of three to seven. The underlying 
reasons for the different sensitivity remain unknown. Future 
studies need to address the relevance of changes in the dose rate 
as a critical parameter for cellular toxicity. Moreover, more 
detailed analysis of particle uptake (e.g., by confocal 
microscopy or TEM) under ALI and submerged conditions will 
be helpful to unravel the different responses. This study is one 
of only a handful of similar attempts to directly compare bio- 
logical effects of NPs under ALI and submerged conditions. In 
a triple-culture comprised of human lung epithelial cells, 
macrophages and dendritic cells were exposed to similar doses 
of ZnO particles under submerged and ALI conditions. Interest- 
ingly, the response (LDH release, HO-1 induction) occurred 
more rapidly at the ALI but to a similar extend [37]. Similarly, 
exposure of A549 cells to ZnO particles at the ALI provoked a 
stronger increase in pro-inflammatory gene expression and the 
concentrations of particles to induce the lowest observed effect 
levels were reduced [38]. Moreover, gold nanoparticles were 
deposited with the previous system but, in contrast to some 
other submerged studies, did not induce adverse effects [39]. 
Also a mono-culture of bronchial 16HBE14o cells induced IL-8 
already at much lower diesel exhaust particle concentrations 
deposited at the ALI in comparison to submerged exposure 
[40]. ALI and submerged exposure have also recently been 
compared for their response to a chemical inducer of oxidative 
stress. In line with our findings, a tetra-culture of A549, THP-1, 
mast and endothelial cells reacted more sensitive under clas- 
sical submerged conditions with respect to release of IL-8 and 
production of ROS [10]. Therefore, more NPs with different 
chemistries and sizes as well as different cell culture models 
need to be assessed in order to either confirm a reduced toxicity 
of NPs at the ALI in general or rather to identify a NP-specific 
behaviour that depends on the exposure method. Furthermore, it 
is possible that at the ALI gene expression will change 
compared to submerged cultures, a topic which warrants further 
investigations. Indeed, human bronchial epithelial cells are 
more resistant to stress imposed by ambient air pollution parti- 
cles and decrease expression of the pro-inflammatory marker 
IL-8 and the anti-oxidant gene heme oxygenase 1 (HOXl) 
when cultivated at the ALI prior to exposure [41]. However, 
first studies in A549 cells for those selected genes do not indi- 
cate major changes in expression within a few hours of cultiva- 
tion at the ALI [38]. 

Recently, the concept of "dose rate" as a critical driver of toxi- 
city was again promoted [42]. In animal experiments, instilla- 
tion of high doses of titania NPs initiates inflammation whereas 
deposition of the same mass by inhalation is almost without 
effect. The difference between the two approaches is a drasti- 
cally increased dose rate (micrograms per minute) when using 
instillation versus inhalation. However, the interpretation of 



such in vivo experiments is complicated, because not only the 
dose rates differ, but also the distribution of the NPs within the 
lung and the clearance are different. As in our in vitro studies 
these two confounding factors are eliminated, the dose rate still 
remains an important determinant to possibly explain the differ- 
ences in toxicity when exposing cells at the ALI and under 
conventional submerged conditions. However, in our study the 
dose rate is considerably lower for the submerged versus ALI 
deposition and therefore does not correlate with increased toxi- 
city. This raises of course the question which dose rates are 
most realistic and how comparable different studies are. 
Presumably, the use of other ALI systems delivering the dose 
almost instantly (bolus deposition), and thus avoiding the neces- 
sity to incorporate sophisticated humidification systems as used 
in our ALIDA, will also provide different outcomes because at 
the even higher dose rate the relative response to NPs might 
change. Certainly, a systematic comparison of different 
air-liquid-interface methods including classical submerged 
toxicological assays is needed to assess the relevance of dose 
and dose rate and to finally relate results obtained from such in 
vitro methods to data obtained from exposure studies with 
animals or even humans. 

Experimental 

Materials 

Aerosil®200 powder was kindly provided by Evonik (Essen, 
Germany). The SiO2-50 nm NPs without or with labelling with 
fluorescein isothiocyanate (FITC) supplied as a monodisperse 
solution of 25 mg/mL in water were from Postnova Analytics 
(Z-PS-SIL-GFP-0.07, Landsberg am Lech, Germany). 
Dulbecco's Modified Eagle Medium (DMEM), Roswell Park 
Memorial Institute medium (RPMI-1640), Hank's Balanced 
Salt Solution (HBSS), Dulbecco's Phosphate Buffered Saline 
without Ca^^ and Mg^^ (DPBS"'"), penicillin, streptomycin, and 
trypsin were from Life Technologies (Frankfurt am Main, 
Germany). Fetal calf serum (FCS) was from PAA (Colbe, 
Germany). The cytotoxicity detection kit for determining 
release of LDH was from Roche (Mannheim, Germany). 
Enzyme-linked immuno assays (ELISA) for the detection of 
human IL-6 and IL-8 were from BD Biosciences (OptEIA kits, 
Heidelberg, Germany). 4-(2-Hydroxyethyl)piper£izine-l-ethane- 
sulfonic acid (HEPES) and the chemicals for sodium dodecyl- 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) were 
from Carl Roth (Karlsruhe, Germany). For the Western blots 
Immobilon-P PVDF membranes (Millipore, Eschborn, 
Germany), primary antibodies against COX-2 (Biozol, Eching, 
Germany), phospho-p38 (Thr 180/ Tyr 182, Cell Signalling, 
Frankfurt am Main, Germany), PCNA (PC- 10), Lamin B 
(M-20) and p38 (C-20) (both from Santa Cruz), HRP-conju- 
gated secondary antibodies (DAKO, Hamburg) and the 
enhanced chemiluminescence (ECL) detection system 
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from GE Healthcare (Freiburg, Germany) were used. 
Transwell® inserts containing polyester membranes of 24 mm 
diameter and with pores of 0.4 jim (Cat.No. 3450) were from 
Corning Life Sciences (Amsterdam, The Netherlands). 75-mesh 
formvar-coated copper grids for transmission electron 
microscopy (TEM) were from Piano GmbH (Wetzlar, 
Germany). 

Aerosol generation and characterisation 
For cell exposure to nanoparticle monomers the monodisperse 
SiO2-50 nm NP suspensions were dispersed into synthetic air 
(Air Liquide, 20% O2 in N2, less than 3 ppm impurities) by 
using an electrospray aerosol generator (TSI 3480, Shoreview, 
United States) as described by Comouth et al. [18]. To ensure 
agglomerate fractions of less than 7% the suspension was 
diluted to 7 mg-mL~' with Nanopure water (type 1 ultrapure 
water, Bamstead, Germany). In addition to the electrospray an 
Atomizer (Topas, ATM 220, Dresden, Germany) was used for 
aerosol generation. The particle number concentrations and size 
distributions of the aerosol were continuously measured by 
using a scanning mobility particle sizer (SMPS, TSI, Aachen, 
DMA 3081 and CPC 3025). 

Exposure of cells to aerosol 

The cells were exposed to the aerosol with the ALIDA expo- 
sure system described in detail by Comouth et al. [18]. For cell 
exposure the aerosol was humidified to 80-90% relative 
humidity at 37.5 °C. The humidified aerosol was then carried 
with identical flows of 100 mL-min~^ (seem) through six tubes 
of equal dimensions to the inlets of six exposure chambers 
(VITROCELL Systems GmbH, Waldkirch). Two stainless steel 
modules were equipped with three Transwell® inserts of 24 mm 
membrane diameter. To increase the deposition efficiency an 
almost homogeneous electrical field with an axial strength of 
500 V-mm~' was applied. 

Deternnination of the dose 

In order to determine the deposited fraction of the applied 
aerosol during ALI exposure TEM grids (Piano, SF 162-6) were 

placed on the Transwell membranes at three different radial 
positions and exposed to the aerosol for different times. Subse- 
quently, 50 micrographs of the deposited particles were taken 
for each experiment by using a transmission electron micro- 
scope (Zeiss 109T, Oberkochen). The deposited particles were 
detected and analysed regarding their number and size with a 
custom-made software. 

For the calculation of mass doses spherical primary particles 
with a density of 2 g-cm~^ were assumed. This value is close to 
the 1.8-2.2 g-cm~^ stated by the manufacturer (Postnova 
Analytics) and to literature data for amorphous silica particles 



of 2.2 g-cm~^ [43]. For agglomerates remaining from droplets 
containing more than one particle an effective density cannot 
easily be defined. For hard spheres Manoharan et al. [27] 
suggested that the particles are configured in spherical pack- 
ings with structures that minimize the second moment of the 
mass distribution. Hence we treated large agglomerates as 
compact spherical clusters with volume fractal dimensions close 
to 3. Furthermore we assumed a volume filling factor of 1.56 
assuming a polytetrahedral structure. In order to justify this 
simplification the deposited mass dose of the FITC-labeled 
SiO2-50 nm particles was estimated additionally from their 
fluorescent intensity. Therefore, the exposed Transwell inserts 
were filled with 0.8 mL distilled water to suspend the deposited 
particles. The fluorescence of the solution was measured at 
(485 ± 10) nm excitation and (530 ± 12) nm emission wave- 
lengths by using a Bio-Tec FL600 spectrometer and the soft- 
ware package KC4 (MWG-Biotech AG, Ebersberg, Germany). 
At the same time Transwell inserts filled with 0.8 mL of 
suspensions containing FITC-labeled SiO2-50 nm NPs at 
0.25 mg mL 0.5 mg mL"' and 1 mg-mL"l were used for cali- 
bration. Since Aerosil200 particles are not fluorescent this 
procedure could not be applied to verify the corresponding 
TEM results. In order to give at least a lower limit of the mass 
dose the effective density of 80 to 800 nm sized agglomerates 
was measured by using an Aerosol Particle Mass (APM) 
analyser (Kanomax, APM 3601) [44] in combination with a 
differential mobility analyser (DMA) connected upstream. The 
total amount of deposited particles was estimated finally by 
extrapolating the amount of deposited particles as a function of 
the applied particle mass. 

Cell culture 

The human alveolar epithelial cell line A549 obtained from 
American Type Culture Collection (ATCC, Rockville, MD) 
was maintained in DMEM supplemented with 10% (v/v) FCS, 
2 mM L-glutamine, 100 U-mL~' penicillin, and 100 mg-mL~' 
streptomycin at 5% CO2 at 37 °C. The cells were passaged 
every three to four days. Two days before ALI exposure experi- 
ments 4 X 10^ cells in 1 mL of RPMI-1640 medium with 
10% FCS were seeded per Transwell insert with a surface 
area of 4.7 cm^. This corresponds to a cell density of 
8.5 X 104 cells •cm ^. At the day of exposure cells formed a 
confluent monolayer as assessed by microscopy. 

Submerged treatment of ceils 

The Aerosil200 particles were suspended in cell culture medium 
without 10% FCS at 10 mg-mL~' and probe-sonified (Branson 
Sonifier, 250, Schwabisch Gmiind, Germany) for 50 s (50 duty 
cycles, output 5) right before preparing dilutions and adding to 
cells. The SiO2-50 nm particles were diluted in medium and 
vortexed. 
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Exposure of cells under ALI conditions 

Shortly before the experiment the medium above the cells and 
under the membrane was removed and both sides were washed 
with HBSS. 1.5 mL RPMI1640 medium without sodium bicar- 
bonate, prepared from RPMI1640 powder, containing 10 mM 
HEPES, 100 U-mL~' penicillin, 100 mg-mL~^ streptomycin and 
without PCS was pipetted into the basal compartment and the 
apical compartment was covered by a thin layer of 100 \iL 
HBSS (ca. 214 nm initial mean layer height) in order to avoid 
drying out of the cells. RPMI instead of DMEM was used for 
growing cells at the ALI as it allowed a better maintenance of a 
stable pH which is required to keep cells viable. The cells were 
transported to the ALIDA system in a pre-warmed and ther- 
mally insulated box and exposed. Two inserts with cells were 
exposed to clean air which was generated by passing the humid- 
ified and conditioned aerosol through HEPA air filters 
(HepaVent™ Y271, Whatman GmbH, Dassel). Three other 
inserts were exposed to the unfiltered aerosol and one equipped 
with TEM grids for dose determination. Each exposure was 
done with and without applying an electrostatic field enhancing 
the deposition efficiency. 

Determination of biological effects 

After the ALI exposure the cells were either directly lysed or 
further incubated under submerged conditions in serum-free 
RPMI medium without HEPES at 37 °C and 95% humidity and 
analysed after 24 h. Post-incubation was performed submerged 
in order to allow optimal release of cytokines into the apical 
compartment. For comparison, cells grown in Transwcll inserts 
were simultaneously treated under submerged conditions in 
serum-free RPMI medium for the same time periods. The cell 
lysates were analysed for COX-2 and phosphorylated p38 by 
Western blot. The media of the post-incubated cells were 
analysed for release of LDH by using a test kit from Roche 
according to the manufacturer's instructions. Release of IL-6 
and IL-8 was analysed by enzyme-linked immune assay 
(ELISA) kits from Becton Dickinson according to the manufac- 
turer's instructions. 

Western blots 

Whole cells were lysed with 2x Lammh SDS Buffer (160 mM 
Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 4% B-mercapto- 
ethanol). The cell lysates were boiled at 95 °C for 5 min, probe 
sonified for 15 s and then stored at -20 °C. Equal amounts of 
the lysates were loaded onto 10% SDS-polyacrylamide gels and 
after electrophoresis, the proteins were transferred onto Immo- 
bilon-P PVDF membranes. The membranes were blocked with 
5% (w/v) non-fat dry milk in 1% Tween20 in Tris-buffered 
saline (TBS) for 1 h. For the detection of phosphorylated p38 
the membranes were blocked in 3% (w/v) BSA. The blots were 
then incubated with primary antibodies and subsequently with 



HRP-conjugated secondary antibodies which were finally 
detected with the ECL system. 



Acknowledgements 

The study was performed in the framework of the priority 
program SPP1313 within the cluster NanoSyncc supported by 

the German Research Foundation (DFG) (grant WE 2918/6-1). 
The financial support by the DFG is gratefully acknowledged. 

References 

1. Arts, J. H. E.; Muijser, H.; Duistermaat, E.; Junker, K.; Kuper, G. F. 
Food Chem. Toxicol. 2007, 45, 1856-1867. 
doi:10.1016/j.fct.2007.04.001 

2. Johnston, C. J.; Drisooll, K. E.; Finkelstein, J. N.; Baggs, R.; 
O'Reilly, M. A.; Carter, J.; Gelein, R.; Oberdorster, G. Toxicol. Sci. 
2000, 56, 405-413. dol:10.1093/toxscl/56.2.405 

3. Waters, K. M.; Maslello, L. M.; Zangar, R. C; Tarasevlch, B. J.; 
Karin, N. J.; Quesenberry, R. D.; Bandyopadhyay, S.; 
Teeguarden, J. G.; Pounds, J. G.; Thrall, B. D. Toxicol. Sci. 2009, 107, 
553-569. doi:10.1093/toxsci/kfn250 

4. Park, E.-J.; Park, K. Toxicol. Lett. 2009, 184, 18-25. 
doi:10.1016/J.toxlet.2008.10.012 

5. Panas, A.; Marquardt, C; Nalcaci, O.; Bockhorn, H.; Baumann, W.; 
Paur, H.-R.; Miilhopt, S.; Diabate, S.; Weiss, C. Nanotoxicology 20A3, 
7, 259-273. doi:10.3109/17435390.2011.652206 

6. Lin, W.; Huang, Y.-w.; Zhou, X.-D.; Ma, Y. Toxicol. Appl. Pharmacol. 
2006, 217, 252-259. dDi:10.1016/j.taap.2006.10.004 

7. Choi, S.-J.; Oh, J.-M.; Choy, J.-H. J. Inorg. Biochem. 2009, 103, 
463^71 . doi:1 0.1 01 6/j.jinorgbio.2008. 1 2.01 7 

8. Huh, D.; Matthews, B. D.; Mammoto, A.; Montoya-Zavala, M.; 
Hsin, H. Y.; Ingber, D. E. Sc/ence 2010, 328, 1662-1668. 
doi: 1 0. 1 1 26/science. 1 1 88302 

9. Sayes, C. M.; Reed, K. L.; Warheit, D. B. Toxicol. Sci. 2007, 97, 
1 63-1 80. doi: 10.1 093/toxsci/kfmOI 8 

10. Klein, 8. G.; Serchi, T.; Hoffmann, L.; Blomeke, B.; Gutleb, A. C. 
Part. Fibre Toxicol. 2013, 10, No. 31 . doi:10.1 186/1743-8977-10-31 

11. Paur, H.-R.; Cassee, F. R.; Teeguarden, J.; Fissan, H.; Diabate, S.; 
Aufderheide, M.; Kreyling, W.; Hanninen, O.; Kasper, G.; Riediker, M.; 
Rothen-Rutishauser, B.; Schmid, O. J. Aerosol Sci. 2011, 42, 668-692. 
doi:10.1016/j.jaerosci.201 1.06.005 



L 



Supporting Information 

Supporting Information contains 1) data obtained by 
dynamic light scattering of the particles suspensions 2) data 
on the deposited mass dose for Aerosil200 particles after 
ALI exposure and 3) deposition kinetics of the mass doses 
for Aerosil200 and SiO2-50 imi particles during ALI and 
submerged exposure. 

Supporting Infomnation File 1 

Additional experimental data. 
[http://www.beilstein-journals.org/bjnano/content/ 
supplementaiy/2 1 90-4286-5-1 7 1 -S 1 .pdf] 



1601 



Beilstein J. Nanotechnol. 2014, 5, 1590-1602. 



12. Aufderheide, M. Exp. Toxicol. Pathol. 2008, 60, 163-180. 
doi:10.1016/j.etp.2008.01.015 

13. Bitterle, E.; Karg, E.; Schroeppel, A.; Kreyling, W. G.; Tippe, A.; 
Ferron, G. A.; Schmid, 0.; Heyder, J.; Maier, K. L.; Hofer, T. 
Chemosphere 2006, 65, 1784-1790. 

doi: 1 0.1 01 6/j.chemosphere.2006. 04.035 

14. Diabate, S.; Mulhopt, S.; Paur, H. R.; Krug, H. F. 
ATLA, Mem. Lab. Anim. 2008, 36, 285-298. 

15. Lenz, A. G.; Karg, E.; Lentner, B.; Dittrich, V.; Brandenberger, C; 
Rothen-Rutishauser, B.; Schuiz, H.; Ferron, G. A.; Schmid, O. 
Part. Fibre Toxicol. 2009, 6, No. 32. doi:10.1 186/1743-8977-6-32 

16. Rothen-Rutishauser, B.; Grass, R. N.; Blank, F.; Limbach, L. K.; 
Muhlfeld, C; Brandenberger, C; Raemy, D. O.; Gehr, P.; Stark, W. J. 
Environ. Sci. Technol. 2009, 43, 2634-2640. doi:10.1021/es8029347 

17.Steinritz, D.; Mbhie, N.; Pohl, C; Papritz, M.; Stenger, B.; Schmidt, A.; 

Kirkpatrick, C. J.; Thiermann, H.; Vogel, R.; Hoffmann, S.; 

Aufderheide, M. Chem.-Biol. Interact. 2013, 206, 479-490. 

doi:10.1016/j.cbi.2013.05.001 
18.Comouth, A.; Saathoff, H.; Naumann, K.-H.; Muelhopt, S.; Paur, H.-R.; 

Leisner, T. J. Aerosol Sci. 2013, 63, 103-1 14. 

doi: 1 0. 1 01 6/j.jaerosci.201 3.04.009 
19.l\/lulhopt, S.; Diabate, $.; Krebs, T.; Weiss, C; Paur, H.-R. 

J. Phys.: Conf. Sen 2009, 170, 012008. 

doi: 1 0.1 088/1 742-6596/1 70/1/01 2008 
20.Savi, M.; Kaiberer, M.; Lang, D.; Ryser, M.; Fierz, M.; Gaschen, A.; 

Ricka, J.; Geiser, M. Environ. Sci. Technol. 2008, 42, 5667-5674. 

doi:10.1021/es703075q 

21. de Bruijne, K.; Ebersvilier, S.; Sexton, K. G.; Lake, S.; Leith, D.; 
Goodman, R.; Jetters, J.; Waiters, G. W.; Doyie-Eiseie, iM.; 
Woodside, R.; Jeffries, H. E.; Jaspers, \. Inhalation Toxicol. 2009, 21, 
91-101. doi:1 0.1 080/08958370802166035 

22. Voickens, J.; Dailey, L.; Waiters, G.; Deviin, R. B. 

Environ. Sci. Technol. 2009, 43, 4595-4599. doi:10.1021/es900698a 

23. Stevens, J. P.; Zahardis, J.; iMacPherson, IVI.; i\/lossman, B. T.; 
Petrucci, G. A. Toxicol, in Vitro2008, 22, 1768-1774. 
doi:10.1016/j.tiv.2008.05.013 

24. Wiedensohier, A. J. Aerosol Sci. 1988, 19, 387-389. 
doi:1 0. 1 01 6/0021 -8502(88)90278-9 

25. Kim, 8. C; Chen, D.-R.; Qi, C; Geiein, R. M.; Finkelstein, J. N.; 
Elder, A.; Bentiey, K.; Oberdorster, G.; Pui, D. Y. H. Nanotoxicology 
2010, 4, 42-51. doi:10.3109/17435390903374019 

26. Cho, Y.-S.; Yi, G.-R.; Chung, Y. S.; Park, S. B.; Yang, S.-iM. Langnnuir 
2007, 23, 12079-12085. doi:10.1021/ia7018346 

27. IVIanoharan, V. N.; Elsesser, iVI. T.; Pine, D. J. Science 2003, 301, 
483-487. doi : 1 0. 1 1 26/science. 1 086 1 89 

28. Wiiieke, K.; Baron, P. A. Aerosol measurement, principles, techniques, 
and applications; Van Nostrand Reinhoid: New York, 1993. 

29. Seipenbusch, M.; Rothenbacher, S.; Kirchhoff, iVI.; Schmid, H.-J.; 
Kasper, G.; Weber, A. P. J. Nanopart. Res. 2010, 12, 2037-2044. 
doi:10.1007/s1 1051-009-9760-5 

30. ibaseta, N.; Biscans, B. Powder Technol. 2010, 203, 206-210. 
doi: 1 0.1 01 6/j.powtec.201 0.05.01 0 

31 . Hinderiiter, P. iVI.; iVIinard, K. R.; Orr, G.; Chrisier, W. B.; Thrall, B. D.; 
Pounds, J. G.; Teeguarden, J. G. Part. Fibre Toxicol. 2010, 7, No. 36. 
doi: 1 0. 1 1 86/1 743-8977-7-36 

32. Xie, Y.; Williams, N. G.; Tolic, A.; Chrisier, W. B.; Teeguarden, J. G.; 
Maddux, B. L.; Pounds, J. G.; Laskin, A.; Orr, G. Toxicol. Sci. 2012, 
125, 450^61. doi:10.1093/toxscl/kfr251 

33. Kim, D.; Lin, Y.-S.; Haynes, C. L. Anal. Chem. 2011, 83, 8377-8382. 
doi:10.1021/ac202115a 



34. Blank, F.; Rothen-Rutishauser, B. IM.; Schurch, S.; Gehr, P. 

J. Aerosol Med. 2006, 19, 392^05. dol:10.1089/jam.2006.19.392 

35. Schuize, C; Schaefer, U. F.; Ruge, C. A.; Wohlleben, W.; Lehr, C.-IVI. 
Eur J. Pharm. Blopharm. 2011, 77, 376-383. 
doi:10.1016/j.ejpb.2010.10.013 

36. Al-Rawi, M.; Diabate, S.; Weiss, C. Arch. Toxicol. 2011, 85, 813-826. 
doi:10.1007/s00204-01 0-0642-5 

37. Raemy, D. O.; Grass, R. N.; Stark, W. J.; Schumacher, C. M.; 
Ciift, M. J. □.; Gehr, P.; Rothen-Rutishauser, B. Part. Fibre Toxicol. 
2012, 9, No. 33. doi:10.1186/1743-8977-9-33 

38. Lenz, A.-G.; Karg, E.; Brendel, E.; Hinze-Heyn, H.; Maier, K. L.; 
Eickelberg, O.; Stoeger, T.; Schmid, 0. BioMed Res. Int. 2013, 
652632. doi:10.1155/2013/652632 

39. Brandenberger, C; Rothen-Rutishauser, B.; Muhlfeld, C; Schmid, O.; 
Ferron, G. A.; Maier, K. L.; Gehr, P.; Lenz, A.-G. 

Toxicol. Appl. Pharmacol. 2010, 242, 56-65. 
doi:10.1016/J.taap.2009.09.014 

40. Hoider, A. L.; Lucas, D.; Goth-Goidstein, R.; Koshiand, C. P. 
Toxicol. Sci. 2008, 103, 108-115. doi:10.1093/toxsci/kfn014 

41. Ghio, A. J.; Dailey, L. A.; Soukup, J. M.; Stonehuemer, J.; 
Richards, J. H.; Devlin, R. B. Part. Fibre Toxicol. 2013, 10, No. 25. 
doi: 1 0. 1 1 86/1 743-8977-1 0-25 

42. Baisch, B. L.; Corson, N. M.; Wade-Mercer, P.; Geiein, R.; 
Kennell, A. J.; Oberdorster, G.; Elder, A. Part. Fibre Toxicol. 2014, 11, 
No. 5. doi:10.1186/1743-8977-11-5 

43. Weast, R. Handbook of Chemistry and Physics; CRC Press: Boca 
Raton, FL, USA, 1988. 

44. Ehara, K.; Hagwood, C; Coakiey, K. J. Aerosol Sci. 1996, 27, 
217-234. doi:10.1016/0021-8502(95)00562-5 



License and Terms 

This is an Open Access article under the terms of the 
Creative Commons Attribution License 
( http://creativecommons.Org/licenses/by/2.0) , which 
permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 

The license is subject to the Beilstein Journal of 
Nanotechnology terms and conditions: 
( http://vyvyw.beilstein-joumals.org/bjnano) 

The definitive version of this article is the electronic one 

which can be found at: 

doi:10.3762/bjnano.5.171 



1602 



